Olive mill wastewater (OMW) represents a problem for its disposal and treatment. Single-chamber MFC was used to produce electricity from OMW and wastewater (DW). MFCs fed with DW plus OMW gave 0.38 V (1 kO) and a power density of 124.6 mW m Improving electricity generation from wastewater (DW) by using olive mill wastewater (OMW) was evaluated using single-chamber microbial fuel cells (MFC). Doing so single-chambers air cathode MFCs with platinum anode were fed with domestic wastewater (DW) alone and mixed with OMW at the ratio of 14:1 (w/w). MFCs fed with DW + OMW gave 0.38 V at 1 kO, while power density from polarization curve was of 124.6 mW m
Introduction
Oil reservoirs depletion and climate changes, are currently topics of major concern to explore renewable sources of energy, by developing sustainable and environment-friendly technologies. One of the main goal of research is the efficient use of biomasses, especially wastes from agricultural and municipal processes, that are, nowadays, mainly burnt, land-filled or accumulated as excess biomass representing an economic burden for communities and industries.
Conventional biological wastewater treatments, such as activated sludge processes are energy demanding because of aeration requirements (Logan, 2008) ; moreover they produce large amounts of residual solids (sludge) which are costly to be treated and disposed (Murray et al., 2008) . Aiming at operational costs reduction and energy efficiency improvement, new biological processes have been recently developed and studied for energy production and wastewater reduction; these processes included: methanogenic anaerobic digestion, biological hydrogen production and ethanol fermentation (Pham et al., 2006) .
Microbial fuel cells (MFCs) that belong to this categories, consist in a bio-electrochemical process that converts the chemical energy of biodegradable organic compounds into electricity by anaerobic oxidation. Responsible of the process are specific bacterial species, the so-called ''exoelectrogens'', mainly belonging to the gammaand delta-subgroups of Proteobacteria (e.g. Shewanella, Geobacter and Pseudomonas genera). These bacteria colonize the anode and produce electrons and protons from the organic matter, with CO 2 and biomass as final products (Lovley, 2010) .
Several lab-scale studies were conducted to investigate power generation from artificial (Moon et al., 2006) or real wastewaters, such as vegetable wastes (Kannaiah Goud et al., 2011) , brewery wastewater (Feng et al., 2008) , cereal wastewater (Zuo et al., 2006) , palm oil effluent (Cheng et al., 2010) , paper wastewater (Nimje et al., 2012) and swine wastewater (Min et al., 2005) . The power generated has been reported to be within the range of 40-300 mW m À2 depending on inoculum and substrate used, and reactor architecture. Power generated corresponded to a reduction of wastewater organic load, expressed as total chemical oxygen demand (TCOD), of 60-80% .
Literature suggests that MFC could be a readily applicable technology, especially with industrial and agricultural wastewaters with a high content of easily degradable organic material, resulting in a net positive energy production. Domestic wastewater (DW) has been widely exploited in MFC to substitute conventional aerobic disposal treatment, that involves high capital expenditure, high sludge production to be disposed, and considerable operational and energy consumption costs. It has been reported, for example, the ability of MFC to generate 26 mW m
À2
of power, removing the 80% of the TCOD from domestic wastewater .
Olive oil is one of the main agricultural products in the Mediterranean area, that contributes for 95% to the annual worldwide oil production (over 30 million m 3 per year). The disposal of wastewaters coming from olive processing represents a huge environmental problem. This is particularly true for Italy that is one of the main olive oil producers in the world, with 1.2 million ha of land used for olive culture, yielding 3.2 Mg ha À1 of oil (Source: EUROSTAT, 2004 EUROSTAT, -2007 . This means that about 2 Â 10 6 m 3 of olive mill wastewater (OMW) are produced annually in Italy, with a cost for their disposal of 30-50 € m À3 (ENEA, 2007). According to olive fruit variety, cultivation conditions and extraction method used, OMW organic load (TCOD) may vary from 40 to 220 g L
À1
, with a polyphenols content ranging from 200 to 8000 mg L À1 (Azbar et al., 2004) . Within this range polyphenols can potentially have inhibition effect on bacteria activity involved in OMW biological treatment (Ntaikou et al., 2009) . As consequence of that, OMW disposal requires physicochemical treatment, such as coupled evaporation and combustion, chemical coagulation and sorption, and oxidation (Kestioglu et al., 2005) , although microbiological treatments, such as anaerobic digestion have, also, been tested (Bertín et al., 2010) .
OMW has been extensively studied to be treated by anaerobic digestion, alone or in co-digestion with other biomasses, to reduce COD and to produce energy (S1). Nevertheless all studies indicated that it was necessary to operate a wastewater dilution to eliminate microbial inhibition (Azbar et al., 2004) . For example Azbar et al. (2004) by diluting OMW, removed the 85% of TCOD at 35°C, with an organic load (TCOD) below 4 g L
. Higher TCOD concentration than that indicated, or the use of undiluted OMW, inhibited the biological process (S1). Although studies cited indicated that diluted OMW can be anaerobically treated, no researches on the use of OMW by MFC are reported in the literature (Azbar et al., 2004) . However OMW can be used to feed MFC by its dilution with other wastewater streams in order to reduce potential inhibition, allowing direct electricity production.
In this study it was investigated the effectiveness in using olive mill wastewater mixed with effluents coming from denitrification process of domestic wastewater (DW), in producing electricity in an optimized single-chamber open air cathode microbial fuel cell (scMFC). At the same time, the efficiency of the process in terms of TCOD and BOD 5 removed, was tested. Bacterial populations selected in the microbial fuel cells were studied and microbial community coming from wastewater and wastewater plus olive wastewater were compared and discussed.
Methods

Wastewater
Domestic wastewater (DW) were collected from a wastewater treatment plant in Northern Italy. Olive mill wastewaters (OMW) were collected from Frantoio Confraternita Seconda, Contrada Breccelle (Isernia, Italy) using a three phase oil mill grinder. Samples were placed on ice, shipped overnight to the laboratory, and stored at 4°C; wastewaters were characterized upon arrival.
MFC reactors: manufacture, configuration and operation
Single-chamber, air-cathode MFCs containing graphite fiber brush anodes were constructed as previously described (Logan et al., 2007) . Each reactor consisted of a liquid chamber 4 cm long by 5 cm in diameter, with a liquid volume of 28 mL. Brush anodes were made of a core of two titanium wires with graphite fibers (PANEX33 160 K, ZOLTEK) cut to 2.5 cm in outer diameter and 2.5 cm long. Each brush had an estimated surface area of 0.22 m 2 or 18,200 m 2 m À3 -brush volume for the brush, with 95% porosity (Logan et al., 2007) .
The cathodes (3.8 cm diameter, 7 cm 2 total exposed surface area) were made by applying a platinum catalyst (0.4 mg Ptcm
À2
, BASF) on the liquid-facing side of a 30 wt.% wet-proofed carbon cloth (type B-1B, BASF, US), while four PTFE diffusion layers were added on the air-facing side (Cheng et al., 2006 . The initial pH of the solution was 7.2 ± 0.1. When the maximum voltage output was similar for three consecutive cycles (0.4 ± 0.05), the buffer solution and the sodium acetate were gradually omitted, until only DW or OMW were fed into the cells.
The test was conducted as follow: the cells (in triplicate) were run simultaneously for three batch cycles for each feeding substrate, i.e. undiluted domestic wastewater, and a mixture of DW and OMW. The DW + OMW mixture ratio was 14:1, to create an appropriate feedstock for the MFC process i.e., pH of 6.38 ± 0.06 and the organic load of 4.3 ± 0.4 kg TCOD m À3 . Feeding solutions were replaced when the voltage dropped below 40 mV, forming one complete cycle of operation. All the tests were performed at room temperature (23 ± 3°C).
Measurements and chemical analyses
The cathodes and anodes were connected with titanium wire and the voltage was measured by an external resistor (R ex = 1 kO) every 15 min using a multimeter (2700; Keithley, United States) connected to a personal computer. Current generation was calculated by using the I = E/R equation, while power output of the cells by using the P = I⁄E equation, where I (A) is the current, E (V) the voltage, R (O) the external resistance and P (W) the power. Coulombic efficiency (CE), the ratio between Coulombs recovered and total Coulombs in the substrate, was calculated as previously described . Polarization curves were obtained by varying the external resistance (10-10,000 O) every 30 min. and measuring the cell voltage.
Power density (mW m À2 ) and current density (mA m 2 ) were based on the surface area of one side of the cathode (7 cm 2 ) in agreement with previous studies and findings indicating that cathode (rather than the anode) limits power production in this reactor Microbial cells were separated from MFC liquid phase by centrifugation (15 min at 3200 rpm and room temperature). Biomass samples were taken at the end of the final cycle of each experimentation from anode by cutting a portion of graphite fibers using flame-sterilized scissors and from cathode by scraping off biomass from the carbon cloth with a sterile spatula. Collected biomass was then suspended in sterile saline solution (NaCl 9 g L
À1
) and cells were separated by centrifugation. Graphite fibers and cell pellets resulting from centrifugation were stored at À20°C until DNA extraction, which was performed using the PowerSoil DNA Isolation kit (Mo-Bio Laboratories) according to the manufacturer's instructions. DNA extracts were quantified by gel electrophoresis and used for subsequent molecular analysis of the total bacterial community.
PCR-denaturing gradient gel electrophoresis (DGGE) analysis and statistical analyses
Bacterial 16S rRNA gene was amplified by PCR using primers 357-F (CCTACGGGAGGCAGCAG), added to the 5' end of a 40-bp GC clamp, and 907-R (CCGTCAATTCCTTTGAGTTT). PCR reactions and thermal protocols were performed as previously described (Merlino et al., 2012) . PCR products (approx. 100 ng) were loaded onto 7% (w/v) polyacrylamide gels (0.75 mm thick) containing a gradient of 40-60% denaturant (considering 100% denaturant 7 M urea and 40% formamide). Electrophoresis was run in 1Â TAE buffer using a D-Code Universal Mutation Detection System (BioRad) at 90 V and 60°C for 17 h. Gels were stained with SYBR(R) Green I Nucleic A (Invitrogen) and documented with the GelDoc 2000 apparatus (BioRad) by using the Diversity Database software (BioRad). Each DGGE gel lane was converted into a binary matrix using the free software ImageJversion 1.44o (Rasband, 1997 (Rasband, -2012 . The matrices resulting from the conversion of the lanes were statistically analyzed by Principal Component Analysis (PCA) using the program XLSTAT version 7.5.2 (Addinsoft, France) on autoscaled data.
Relevant DNA bands were excised from DGGE gels with sterile scalpel and eluted in 50 ll of Tris-HCl 10 mM pH 8. Ten microliters of the eluted DNA were used as template for PCR re-amplification with the same primer-set of the first amplification, excluding the GC clamp for primer 357-F. PCR products of re-amplification reaction were sequenced (Macrogen). The sequences were compared against the NCBI genomic database through the BLAST search alignment tool. Phylogenetic analyses were conducted using MEGA version 5 (Tamura et al., 2011).
The nucleotide sequences reported in this paper have been deposited to the European Nucleotide Archive under the accession numbers HG423152-HG423164.
Results and discussion
Power production
After an acclimation period of 600 h (data not shown) voltage generation cycles were obtained for each MFC, as previously described. Three MFCs were filled with only domestic wastewater (DW) and voltage was measured for three cycles (300 h of operation time). During the first and the second cycle low voltage values (<0.1 V) were measured: the maximum voltage (0.13 V) was obtained at the end of the third cycle (Fig. 1) . Power density and current density, gained from polarization curve (Fig. 2) , were of 17.6 mW m À2 (112 mA m À2 ) (external resistance of 2 kO) and of 227 mA m À2 (external resistance of 10 O), respectively. At the same time, three additional MFCs were filled with oil mill wastewater (OMW) mixed with DW as previously described. This mixture was used to generate three voltage cycles (%1000 h operation time). In this case the maximum voltage (0.38 V) was obtained just at the first cycle and the same value was reached in subsequent cycles (Fig. 1) . Polarization curve shows a power density of 124.6 mW m À2 (596.6 mA m À2 ) (external resistance of 500 O) and a current density of 949.5 mA m À2 (external resistance of 10 O) (Fig. 2) .
A third series of three MFCs were filled with only OMW; in this case, low voltage was generated and no TCOD was removed (data not shown). Volumetric power density (Pv), obtained as previously described, was calculated from the polarization curves and from the maximum voltage peak (PV max ). Domestic wastewater gave a maximum volumetric power of 0.33 Wm À3 (PV; 1 kO) and 0.66 Wm À3 (PV max ; 1 kO) for DW; otherwise OMW + DW gave 3.2 Wm À3 (PV; 1 kO) and 5.17 Wm À3 (PV max ; 1 kO). OMW is not ordinarily used in MFCs so that the electricity production acquired in this work, cannot be compared with similar literature data; however results obtained can be compared with those obtained using other agricultural wastes tested by using a single chamber air cathode MFC. In particular from the Table 1 , that reports results obtained using swine wastewater, corn stover and brewery wastewater (Min et al., 2005; Zuo et al., 2006; Feng et al., 2008) . It can be seen that different biomasses gave a great variability in the organic load (influent) influencing MFCs performances. Nevertheless, organic load used in this work was within the range reported, allowing a first comparison with the literature. Power density obtained using OMW + DW was of 124.6 mW m . This result can be justified taking into account both the absence of buffer solution during the experiment and the use of lower temperature (23°C) than that used in the cited works (30°C). On the other hand data obtained was better than that reported by Nimje et al. (2012) (Table 1 ) that using food/dairy wastewaters and adopting similar experimental conditions of this work, reported a power density of only 0.13 mW m À2 (external resistance of 680 O).
Chemical analysis and coulombic efficiency
Chemical characterizations were conducted on all wastewaters treated, considering both feeding (input) and effluent (output) streams of MFCs (Table 2) .
About 40-60% of TCOD and BOD 5 of input wastewater was removed in all conditions tested. In particular, when DW + OMW was used as substrate TCOD was reduced of more than 60% although it showed a starting TCOD much higher (of 153%) than that of DW (Table 2) . Again BOD 5 of the mix, that was higher (of 200%) than that of DW (Table 2) , was reduced more (total reduction of 70%) than that of DW (total reduction of 48%). These results indicated that the organic carbon introduced with OMW was readily biodegradable such as suggested by BOD 5 /TCOD ratio of 0.57 to be compared with that of DW, i.e. BOD 5 /COD = 0.44. The TCOD biodegradability was due, above all, to the high presence of VFAs, that well represented olive wastewater (Table 2) . Nevertheless, these data, alone, cannot explained the fact that despite the increase of TCOD from 2.6 kg m À3 to 4 kg m À3 (+153%) ( after the addition of OMW to DW, the final TCODs were very similar for both wastewaters studied (1.5 and 1.6 kg m À3 for DW and OMW + DW, respectively) ( Table 2 ). Probably the use of the mix allowed a more efficacy in TCOD degradation of both wastewater. This fact has not yet found reasonable explanation (Table 2) as (see next chapter) non differences in microbial community were observed in the liquid phases. Nevertheless OMW seems to be the driving factor in the selection on the anode of MFC of a more efficient exoelectrogen bacterial consortium that by optimizing electron transfer could improve degradation performance of the entire system (see next chapter).
TCOD degradability explained different MFCs performance: Coulombic efficiency (CE) calculated for DW and DW + OMW were of 3% and 29%, respectively (Table 1) . Therefore the addition of OMW to DW resulted in an 10-fold increase of CE, without altering final TCOD.
Microbial communities
Biomass from the electrodes and liquid phase was collected at the end of the experiments performed with fuel cells fed with both DW and DW + OW. A molecular microbial ecology approach, independent from cultivation, was explored to describe the phylogenetic diversity of the bacterial communities selected at the end of each experiments in the circulating phase and growing as a biofilm on the electrodes. Anodic communities were particularly interesting, since they were putatively composed by exoelectrogenic bacterial species able to directly transfer electrons to the electrode. Analysis of the cathode biofilm composition was also carried out, since it is considered a critical aspect of MFC design and performance (Kiely et al., 2011) .
Total genomic DNA was isolated from all samples and a comparison of the bacterial communities was carried out through 16S rRNA-DGGE fingerprinting. Molecular analysis, generated characteristic community patterns (Fig. 3a) in which each polymorphic band putatively corresponded to a different bacterial taxon present in the sample. Statistical analyses of DGGE profiles was then used to describe the structure of the microbial communities, assuming that the relative proportions of the different species can be estimated from the relative intensity of the bands (Beecroft et al., 2012) .
The obtained fingerprints showed that all the analyzed samples contained a bacterial community rich in phylogenetic diversity. Comparing the two different experimental trials that used DW and OMW + DW as substrate, it can be seen that the microbial consortia of both anode and cathode of DW trial, showed a slight reduction of the biodiversity with less dominating bands than OMW + DW trials (Fig. 3a) . DGGE fingerprinting revealed that on the electrodes of both experiments there was an enrichment of peculiar bacterial populations that were under the detection limit in the liquid phase (Fig. 3a) .
Principal Component Analysis (PCA) of the DGGE profiles (Fig. 3b) confirmed that liquid phase, anode and cathode harbored different bacterial communities and confirmed that the electrodes selected peculiar bacterial assemblages, different from the planktonic cells present in the feeding mixture (Fig. 3b) . A strong divergence in the communities developed on the cathodes of DW and OMW + DW experiments was observed (Fig. 3b, cluster A) , while there was a high convergence of the microbial communities selected at the anodes at the end of both trials (Fig. 3b, cluster C) , independently from the MFC feeding mixture (S1; Yates et al., 2012) . This fact suggested that in both the experiments there was a positive enrichment of exoelectrogen bacterial species responsible for the production of electricity. On the contrary, bacterial communities of the liquid phase showed high similarity in the different experiments (Fig. 3b, cluster B) , indicating that the addition of OMW to the MFC feeding, did not significantly affected the composition of the bacterial planktonic community. This results was expected, since the mix used for OMW + DW trial had a predominant proportion of domestic wastewater (15:1 ratio). However, the high energy produced by the MFCs fed with OMW + DW suggested that the OMW constituted a driving factor in the selection on the anode of a more efficient exoelectrogen bacterial consortium. Sequences obtained from bands excised from the gel were mainly affiliated to the phyla Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria (Fig. 4) . These results confirmed the wide biodiversity of all samples and were in agreement with previous studies (Ishii et al., 2012) . Representatives of b-Proteobacteria affiliated to (i) Hydrogenophaga defluvii and Acidovorax sp., belonging to Comamonadaceae family and (ii) Azovibrio sp., belonging to Rhodocyclaceae family were identified in both anode and cathode biofilms. The b-subgroup of the Proteobacteria comprises several aerobic or facultative aerobic bacteria highly versatile in their degradation capacities. Their presence was possible because of oxygen intrusion from the cathode to the anode, which might support aerobic growth, and could be related to organic matter degradation processes. Bacterial species that developed on the anodes included well known exoelectrogenic bacteria, such as Geobacter sp., that is considered in cells fed with acetate and volatile fatty acids (VFA) responsible for the direct electron transfer to MFC anode (Freguia et al., 2010) . However, no evidence was observed for the presence of c-Proteobacteria, widely found in other microbial fuel cells using different inocula sources (S1) and to which belong known electrogenic microbes such as Shewanella sp. (S1).
Bacteria belonging to the phylum Firmicutes (order Clostriadiales) and represented by Clostridium sp. and Ruminoccocaeae bacterium, were present among the electrode bacterial communities. In many studies bacteria belonging to this phylum were found to be an important part of the bacterial anodic community (S1) and their role in electron exocellular transfer was previously proven (Rabaey et al., 2004) .
Bacteria belonging to the phylum Bacteroidetes, in particular to Chitinophagaceae family and Sphingobacterales order, were, also, identified in the anodic community. Different representative of this phylum have been previously found in a number of studies carried out with different technological solutions and substrates, demonstrating their role in organic matter degradation and/or current production. Although the ecological roles of these organisms in the anaerobic systems is not yet clear, they were considered to ferment small carbohydrates and amino acids contributing to organic matter degradation (Sekiguchi et al., 1998) . Bacteroidetes were identified by Sekiguchi et al. (1998) in a two-chamber MFC fed with cellulose with graphite fibers anode. Beecroft et al. (2012) , moreover, found Bacteroidetes in a single-chamber MFC with carbon fibers as anode fed with a synthetic medium composed mainly of sucrose that acted both as carbon and as electron source.
Gordonia defluvii and other unidentified uncultured species all belonging to the phylum Actinobacteria were, also, identified in the anode bacterial community. The presence of bacteria affiliated to this group can be explained with the necessity, inside to the microbial community, of different metabolic capabilities to degrade complex substrates in smaller compounds, to be used as electron donor to the anode by electrochemically active bacteria (Zhang et al., 2012) . Other species with a not yet explained role were, also, identified in the electrode bacterial biofilm, such as Chlorobi belonging to the Ingnavibacteriales order, and previously described by Zhang et al. (2011) in MFCs conducted at neutralpH conditions.
Result obtained revealed the presence of exoeletrogenic bacteria on the anode surface when using both substrates; that means that OMW did not influence bacteria growth. This could be explained taking into consideration the dilution of OMW with DW (14 times) reducing phenols content and so inhibitory activity, i.e. phenol contents under the inhibitory concentration (Azbar et al., 2004) (Table 2 ) that is.
Conclusions
Improving electricity generation from wastewater by using olive mill wastewater (OMW) treatment was evaluated using single-chamber microbial fuel cells. Although OMW was not considered a good substrate for microbiological process, power generation (124.6 mW m À2 ) and total oxygen demand reduction (65%) evidenced how OMW mixed with domestic wastewater, could be suitable in this unconventional treatment process. Microbial analysis showed the presence of exoelectrogenic bacteria (Geobacter sp.) on the anodes in agreement with previous studies. In conclusion this work indicated that MFC is suitable approach for the biological treatment of diluted OMW wastewaters.
